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Multiplexed Flash lllumination for Relighting and Depth Extraction

Abstract

We multiplex flash illumination to recover both flash and ambient
light information as well as extract depth information in a single ex-
posure. Traditional photographic flashes illuminate the scene with
a spatially-constant light beam. By adding a mask and optics to a
flash, we can project a spatially varying illumination onto the scene
which allows us to spatially multiplex the flash and ambient illu-
minations onto the imager. We apply flash multiplexing to enable
single exposure flash/no-flash image fusion, in particular, perform-
ing flash/no-flash relighting on dynamic scenes with moving ob-
jects. We exploit the defocus of the multiplexing pattern to also
infer depth information.

1 Introduction

Taking good photographs in low-light situations is challenging, and
a flash is often the most practical option for very dark scenes. Un-
fortunately, a flash can often ruin the natural ambiance of the avail-
able lighting, producing harsh, unflattering pictures. Flash/no-flash
methods [ED04; PSA*04] combine two images of a scene, one
taken with a flash and one taken without, to produce a new im-
age with the best properties of both images. While these methods
work well for static scenes, the requirement of multiple exposures
is a significant barrier to the average user, and infeasible for moving
scenes because of the need for multiple exposures.

‘We propose a method for simultaneously capturing flash and ambi-
ent lighting information in a single exposure. We use a coded flash
to project a high-frequency pattern onto the scene, which spatially
multiplexes flash and no-flash information (see Figure 1). Spatially
multiplexing flash and no-flash gives information about both the de-
tail and color in the flash regions and the ambient illumination in the
no-flash regions, though with a reduced resolution and contribution
from indirect illumination due to the flash.

‘We build on the idea of assorted pixels [NN02; NMOO] but extend it
to computational illumination. We aim to spatially multiplex flash
information into a single image. In contrast to previous work on
temporal multiplexing of illumination, e.g. [DHT*00; WGT*05;
MSO05; NKGRO6; SNBO7], our goal is to simultaneously record
both types of information,. Simultaneous capture is important for
dynamic scenes to avoid a temporal mismatch between the images
corresponding to the two lighting conditions.

Furthermore, we want to leverage the defocus information from the
multiplexing light pattern in order to infer depth information. How-
ever, in contrast to previous work, [MNBNO7] we seek to do so in
the presence of ambient illumination and with a light pattern that is
not co-axial with the lens, in order to increase light efficiency.

The main contributions of this paper are:

e The introduction of assorted flash pixels to record spatially
multiplexed flash and ambient information.

e Estimation of a sparse depth map from flash defocus.

e Single exposure flash/no-flash applied to dynamic scenes.

2 Related Work

Assorted Pixels, proposed by Nayar and Narasimhan[NNO2], in-
troduced a method for sampling multiple dimensions of imaging
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Figure 1: Top: A scene photographed with and without flash. Bot-
tom: Close-ups of two samplings of flash and no-flash pixels using
our multiplexed flash illumination.

(e.g. brightness, color spectrum, time, polarization) by mosaicing
pixels that sample different dimensions into a single array of pixels.
We extend this concept by allowing the illumnation to be mosaiced.
Unlike traditional Assorted Pixels, in which the multiplexing oc-
curs purely on the image sensor, we multiplex at the illumination
source and must identify which pixels on the sensor are sampling
along which dimension.

Structured lighting has been used to accomplish a variety of tasks,
including depth and shape estimation[ZN06], refocusing [LCV*04;
MNBNO7], light transport estimation [SCG*], and direct and indi-
rect lighting separation [NKGRO06]. Many of these techniques are
restricted to static scenes because they require multiple images of
the scene, while our goal is to capture flash and ambient informa-
tion for a scene in a single exposure. Additionally, some methods
(e.g. [MNBNO7]), require a coaxial camera and projector which is
accomplished using a beam-splitter. Beam-splitters lose lights, and
introduce glare, which is undesirable for low-light photography, our
main application.

A number of approaches seek to capture a full basis of possible
illumination to enable arbitrary relighting of a scene, e.g. [DHT*00;
WGT™05]. This requires a large number of images to encode the
full set of possible direction and, in the case of dynamic scenes,
careful correction must be applied to warp the data [WGT*05]. In
contrast, we seek a simultaneous capture but restrict ourselves to
two illumination conditions.

Nayar et. al. [NKGRO6] describe a method for fast separation of
the direct and indirect component of a scene illuminated by a single
light source. This method uses a sequence of high-frequency pat-
terns projectected onto the scene to perform the separation. They
also describe a single exposure version which can produce separa-
tions, albeit with a loss in resolution. We assume the scene is lit
by two sources, our multiplexed flash and an ambient light source.
Our goal is to separate the image into flash and ambient compo-
nents by spatially multiplexing each component in a single image.
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We are unable to separate the indirect flash lighting from the am-
bient lighting, therefore our no-flash pixels capture the combined
ambient plus indirect flash lighting.

We build on methods that combine a flash and no-flash image of a
scene to produce a new image containing the desirable properties
of both [ED04; PSA™04; ARNLO5]. We recover a high resolution
detail layer from the flash portions of the image and a large scale
intensity layer from the no-flash regions. We demonstrate single
exposure flash/no-flash and coarse depth map estimation as appli-
cations of our multiplexed flash illumination.

tF

Figure 2: Our prototype(a) consists of a DSLR camera and a film
camera modified to project a high-frequency pattern through its
main lens. (b) A binary mask is used to block flash rays and produce
a spatially varying pattern at the flash focus plane.

flash bulb 36
illumination .)@

| flash focus

plane
aperture

(b)

3 Multiplexed lllumination

We divide the flash beam into a grid of pixels and allow each pixel
to be either on or off. If a flash pixel is on, light is projected onto the
scene and focused at the focal plane of the camera. If a flash pixel is
off, light is blocked and does not enter the scene. Figure 2(b) shows
a diagram of our optical system. We do not assume that the flash
and camera are coaxial (i.e. no beam-splitter). We have found that
the beam splitters necessary for coaxial illumination suffer from
loss of light and flare. We only assume that flash and camera are
loosely aligned.

3.1 Hardware Prototype

In order to achieve spatially varying flash intensities, we augment
a traditional photographic flash with a binary mask pattern and fo-
cusing optics. In essence, we turn a traditional flash into a flash
projector. The key distinction between our modified flash and a
projector is that our flash produces a short burst of light as opposed
to continously illuminating the scene, which is essential for freez-
ing motion in photographs. While a projector can be used to sim-
ulate our flash, particularly for static scenes, we found there were
a number of disadvantages to using a standard consumer projec-
tor. In particular, projectors often have low contrast, poor optics
(e.g. high chromatic aberation and lens distortion), and a wide fixed
aperture providing very shallow depth of field. In our design, we
used printed binary transparency masks with a very high contrast
ratio and the focusing optics of a high quality professional SLR
camera lens with low chromatic aberation and full aperture control
in order to control depth of field. An image of our system is shown
in Figure 2(a). The film camera body on top has been transformed
into our "flash projector” by removing the back and placing our
mask at the original film plane. A standard flash is mounted behind
the "film plane” with a diffuser separating the flash and mask. Es-
sentially, the camera is being used in “’reverse” — light is shone from
the original image plane out through the lens, producing a focused
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version of the mask onto the scene. An additional feature of this
design is that if the focusing lens is thrown completely out of focus,
the flash pattern is removed (via defocus blur) and the multiplexed
flash is restored back to a traditional flash'. This allows the flash to
operate in two modes: traditonal and multiplexed flash.

3.2 [lllumination Patterns

In this section we consider several possible patterns for the flash
illumination including uniform, poisson-disk, and striped. Once a
type of pattern is chosen, the main parameter we explore is the ratio
of flash and no-flash pixels in a particular sampling pattern. This ra-
tio has two direct consequences: the sampling rate (in the Nyquist
sense) of the reconstructed flash and no-flash images and the total
amount of flash light in the scene. In general, the ratio should be
chosen such that the resulting sampling rate matches the frequency
content of each component. Unfortunately, the frequency content
cannot be known a priori, and we are forced to make decisions
based on some estimate of expected frequency content and how im-
portant it is for the specific application. In particular, we observe
that flash/no-flash techniques rely more on the high frequencies of
the flash component and on the low frequencies of the no-flash one.

The total number of “on” flash pixels affects the total amount of
light sent into the scene, but not the direct light received by a
given illuminated point; it only increases the fraction of illuminated
points. However, as the ratio of flash pixels increases, this intro-
duces more indirect flash light, ’corrupting” the no-flash pixels.

Uniform A uniform checkerboard produces an equal number of
flash and no-flash samples, uniformly distributed and regularly
spaced. The ratio of flash to no-flash samples can be adjusted to
produce regularly spaced samples with greater or fewer no-flash
samples. However, although the flash mask contains regularly
spaced samples, parallax between the flash and the camera distorts
the spacing of samples when imaged at the camera. This distor-
tion makes localizing the flash vs. no-flash samples on the camera
sensor more difficult than with traditional assorted pixel schemes.

Stripes A stripe pattern can help localize the flash and no-flash
samples if the optical centers of the flash and camera are carefully
aligned. In particular, we can constrain the epipolar geometry such
that vertical lines in the flash mask are projected to vertical lines
in the camera. A disadvantage of this pattern is that it yields a
non-uniform sampling between the vertical versus horizontal di-
mensions.

Poisson-disk As mentioned above, applications of flash/no-flash
pairs usually take their high-frequency information from the flash
component. As a consequence, we may choose to undersample the
no-flash component to increase the total flash intensity and record
a larger number of well-exposed flash pixels. In order to hide some
of the aliasing and noise that may occur, Poisson-disk distributed
points can be used instead of a uniform grid when undersampling.

4 Reconstruction

Once we have captured a multiplexed flash illumination image, we
must identify and separate the flash pixels from the no-flash pix-
els. Since we seek a direct simple extension of the traditional flash,
the illumination and lens are not confocal and parallax makes it
harder to identify which pixels are lit by the flash. Without geo-
metric correspondence, we rely on statistical methods to determine

Iwith some loss in intensity due to the mask blocking light.
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(d)

(e)

®

Figure 3: Top row: A scene photographed with(a) and without(b) a standard flash. (c) Standard flash/no-flash image fusion. Our recon-
structed flash(d) and no-flash(e) images and our single-exposure flash/no-flash reconstruction(f).

flash and no-flash pixels. A simple method proposed by Nayar
et. al. [NKGRO6] is to choose flash pixels as the maximum pixels
in some local window. Similarly, no-flash pixels are the minimum
pixels in each local window. To reduce speckle noise, we compute
a weighted average of the K largest and smallest pixels in a local
window and use this as our estimate of flash and ambient pixels,
respectively. The size of the window is chosen differently for flash
and no-flash pixels and is based on the known ratio of flash to no-
flash pixels.

0.15 |
No Flash error
Flash error

MSE

012 [

5 25 50

Percent
No-Flash pixels

Figure 4: Plot of reconstruction error as a function of the percent-
age of no-flash samples used in a uniform sampling pattern.

Figure 4 shows a plot of the reconstruction error for the flash and
no-flash components of our test scene (shown in Figure 3) as a func-
tion of the percentage of no-flash pixels in the flash pattern. Flash
and no-flash images were taken separately and used as the ground
truth. As expected, as the percentage of no-flash pixels increase, the
no-flash reconstruction error decreases, and the flash reconstruc-
tion error increases. This graph suggests that there is little benefit
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to increasing the ratio of no-flash pixels above ~ 20%. For our
flash/no-flash application we use masks with &~ 6 — 12% no-flash
pixels. This trade-off between capturing flash and no-flash pixels
is similar to the spatial-angular tradeoff common to many lightfield
camera designs [Ng05; GZC*06; GSMDO7].

Improving Resolution As a consequence of using max and min
operators to localize points, detail has a tendency to dilate or erode
in the flash and no-flash images, depending on the local intensity
gradient (see Figure 3(f) for an example). In order to improve
sharpness and combat dilation and erosion in the flash image, we
use texture synthesis to fill in missing data [EL99]. We remove a
disk of pixels around each no-flash pixel location and infill these
pixels with texture synthesis (see Figure 6). An additonal advan-
tage of using Poisson-disk distributed no-flash samples is that the
irregularity of the sampling hides artifacts that may occur when in-
painting regions on a regular grid.

4.1 Improved localization

We have developed an algorithm to improve localization of flash
and no-flash pixels when using a uniform grid illumination pattern.
Because we do not coaxially align the flash projector and the cam-
era there is parallax which makes localizing the no-flash pixels non-
trivial. This is particularly evident across depth discontinuities and
on highly curved surfaces. Depth discontinuites cause shifts in the
stride between adjacent flash or no-flash pixels. Curved surfaces
cause a row (or column) of points to be projected along a curve
instead of along a straight line. However, locally (within a small
neighborhood) the projected flash pattern is often very similar to
a uniform grid. The general idea of our algorithm is to identify
likely flash and no-flash pixels and then iteratively propagate local
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(b) (@ (d

(e)

(f)

(9)

Figure 5: Improving localization. (a) A typical ¢min kernel. (b) A close-up of the flash pattern projected on a scene. Notice that ¢min
closely resembles (b). (c) An input scene. The inital estimate of no-flash pixel locations (d) and the corresponding P map (e). Notice that
(d) has many missing pixels locations and is lacking structure. (f) shows the final estimate of no-flash pixel locations and the final P map (g)
after 20 iterations. Our localization method is able to propagate local structure and accurately identifies no-flash pixels.

evidence to influence the estimate of nearby locations.

Initialization We initialize the estimated locations using a method
similar to Nayar et. al. [NKGRO6], finding the maximum or mini-
mum pixels in non-overlapping M x M windows, where M is cho-
sen to match the projected size (or stride) of the illumination pattern
in camera pixels. We note that if the focal lengths of the flash pro-
jector and the camera are matched then the size of the projected
pattern (magnification) is not affected by scene depth or parallax.

Propagating local evidence Given an initial estimate of the
flash and no-flash pixel locations, F' and /N F' respectively, we wish
to refine them by incorporating a local spatial model of the relative
positions between adjacent flash pixels. The intuition is that if we
have found the location of one flash pixel, we can use this informa-
tion to help estimate the location of neighboring flash pixels.

To propagate information we construct a map P as:

P:F*¢maz+NF*¢mzn (1)

where F and N F are indicator images that have, e.g. NF(p) = 1
for no-flash pixels p and zero otherwise, ¢maz and Pmirn are ker-
nels that encode the relative spatial locations of other flash pixel
locations as signed functions and * denotes convolution. For exam-
ple, dmaq is positive where we expect to find flash pixels, negative
where we expect to find no-flash pixels and zero otherwise. We set

¢min = _¢mam~

We iteratively perform a sequence of steps designed to find pixel
locations that simultaneously agree with the input data (e.g. are lo-
cal maximums or minimums) and are appropriately spaced relative
to neighboring flash and no-flash pixels. First, we build

Pmaac P x [gray
Priin P x (1 - Igmy)

(@3]
(3)

where [ is a grayscale ([0-1] normalized) version of the input image
1. Priaq and Ppin reweight P, giving more weight to flash pixels
locations that are in bright parts of the image, and more weight to
no-flash pixels locations in dark parts of the image. As Py, and
Prin are processed symmetrically - MAX can be substituted for
MIN (and vice-versa)- the remaining steps will be described for
computing P,,;n only. We find the set ) of local maxima of the
laplacian V2P,.in with response greater than a threshold 7:

a-{a

In practice we use a local window of 5 x 5 pixels, and a threshold
7 = 2. Local maxima of V2P,,;, are points where the gradient

V2Pmm(q) > 7 A g = arg max VQPmm(p) } . @
PEN,
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is increasing quickly (e.g. at the minimum of no-flash pixels) and
we threshold to discard points with small response. We use @ to
update our current estimate of no-flash pixel locations /N F' as:

Vg € Q,NF(q) = CLAMP(V°Ppin(q) — Ro)/R1,0,1) (5)

which linearly maps the range [Ro,R1] to [0,1] and clamps values
outside the range (we found [Ro,R1] = [1,5] to work well in prac-
tice). We set NF(p) = 0 for all p ¢ Q. Finally, we recalculate P
(using Equation 1) and iterate. After K iterations we calculate the
final flash and no-flash pixel positions by thresholding F' and N F'.
In practice we run K = 20 iterations and use a threshold of 0.2.
Figure 5 shows an example of P and N F' before and after running
our iterative estimation algorithm.

5 Depth from flash defocus

Similar to [MNBNO7], we can use the flash projector defocus to
estimate a coarse depth map of the scene. However, there are sev-
eral distinctions between our work and previous approaches. First,
we do not assume the flash projector and the camera are coaxially
aligned, which introduces parallax and makes the localization more
challenging. We describe a method to improve localization in Sec-
tion 4.1. A second fundamental difference between our setup and
the one described by Moreno-Noguer and colleagues is that we aim
for an infinite contrast ratio” between flash and no-flash pixels while
they specifically illuminate the entire scene with some baseline il-
lumination. We aim for an infinite contrast ratio because we wish
to recover only no-flash illumination in the no-flash pixels. One ad-
vantage of Moreno-Noguer and colleagues approachl MNBNO7] is
that they are able estimate and invert” the projector illumination
blur because it is nonzero everywhere. Our goal is to estimate a
sparse depth map by analyzing the blur at each no-flash pixel, and
we rely on the previously mentioned methods to improve the reso-
lution of the flash image (Section 4).

Patch Database Our approach is to construct a database D of
examplar patches eq that model how flash defocus changes as a
function of scene depth d. In order to build our database we take
multiple photographs a planar scene containing patches with dif-
ferent albedos over a range of depths. The camera and flash focus
remain fixed for all images, as the distance d to the planar scene
is varied from dpmin 10 dmas producing a stack of images {14}
We used a relatively small aperture for the camera (f/10) and a
large aperture for the flash projector (f/2.8) to ensure that most of
the observed defocus is due to the flash and not the camera. From

2In practice this is impossible - due to indirect illumination, defocus, and
the finite contrast of the occluding mask.
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() (b) (© ()]

Figure 6: Using texture synthesis to improve resolution. (a) multiplexed illumination image. (b) No-flash pixels labeled and disk of pixels
around each is marked. Standard reconstruction(c) dilates and blurs features. Texture synthesis fills in missing points and avoids resolution

loss.
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Figure 7: a) A patch database for seven depths ranging from 126cm
to 138cm in 2cm increments. Each depth has K = 4 exemplar
patches. b) Error plot testing our depth estimation method. The
blue curve shows the percentage points assigned the correct depth
label as a function of depth. The red curve shows the percentage
of points assigned the correct depth label, or a label £1 from the
correct label. In this case a mislabeling by I corresponds to a 2cm
error in depth estimation. The green curve shows the performance
of assigning depth labels at random.

each image I; we estimate the no-flash pixel locations and crop a
N x N window around each no-flash pixel creating a large collec-
tion of example patches for each depth. We use k-means clustering
to compute K examplar patches e, k = 1... K for each depth d,
and the set of all these examplars over all depths forms our database
D = {e§|k =1...K,de [dmm,dmaz]}. In order to provide
albedo invariance, we independantly normalize each color channel
of ek to have unit mean. Figure 7 shows a database of patches for
7 depth values ranging in 2cm increments from 126¢cm to 138cm.
For each depth d we have computed K = 4 exemplar patches.

Estimating Depth Given a new scene, we would like to estimate
depth at each no-flash location p. Let [, be the N x N window
of pixels centered at p, and (i, be the per-color channel (i.e. RGB)
mean of [,. We compute the error E(lp, d) for depth d as:

B(ly,d) = min_[|i, = iy el

(6)

We rescale the examplar patches e by the RGB means ip, instead
of normalizing [,, to unit means per channel in order to avoid ampli-
fying noise in l,,. For example a blue object may have a very low red
channel, and thus normalizing the red channel to unit mean would
amplify any noise present. Conversely, weighting e® by L will
downweight the importance of the red channel when computing the
error. In the simplest case we use nearest neighbor classification
and select the d* that minimizes E(lp, d) as the depth at pixel p:

d" = arg mdin E(l,,d) )
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We can add spatial regularization using a markov random field
(e.g. graph cuts) [BVZ01].

(b)

Figure 8: a) Multiplexed flash illumination input image. b) Sparse
depth map computed at each no-flash pixel. Blue values are closer
to the camera. Red values are further away.

Figure 7 shows an error plot of the number of correctly classified
points as a function of depth, for a set of seven images of a pla-
nar scene, covering the depth range 126cm to 138cm in 2cm incre-
ments, using nearest neighbor classification. The seven test images
were the same images used to create the patch database. Each test
image contained approximately 8300 no-flash pixels. The y-axis of
the plot shows the percentage of points correctly label as a function
of depth. On the low end, points at 134cm were correctly identified
42% of the time, whereas on the high end, points at 126cm were
correctly identified 98% of the time. Chance would correctly label
points 14% of the time. In addition, the curve marked “off by one”
shows the percentage of points that were assigned a depth label off
by at most one from the correct label (corresponding to a depth er-
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ror of 2cm in our experiment). This improves the percentage to
greater than 78% of points.

Figure 8 shows results for a scene with depth variation over the full
working range. The yellow box on the left is slanted away and our
depth map reflects this. Also note the bean bag and brown box are
estimated at the same depth, as are the different segments of the
gray card, disregarding the significant difference in albedos.

6 Single exposure flash / no-flash

To demonstrate our multiplexed illumination, we show single expo-
sure flash/no-flash on a dynamic scene. Traditional flash /no-flash
methods[ED04; PSA*04] take as input a flash and a no-flash image
of the same scene. These methods assume there is minimal motion
between flash and no-flash images (such that a simple alignment
will produce pixel level correspondence). Next, the images are de-
composed into detail and large-scale layers using the bilateral fil-
ter (and other variants such as the cross/joint bilateral filter [ED04;
PSA*04]). Finally a new image is synthesized by combining the
detail layer of the well exposed, low noise flash image with the
large-scale intensity layer of the under exposed and noisy flash im-
age. In essence, this combines the sharp details of the flash image
with the pleasing ambient lighting of the no-flash image.

Scenes with motion pose a problem for traditional flash/no-flash
methods because it is no longer possible to align objects between
exposures. Using our flash design, we are able to capture enough
information in a single image to perform a flash/no-flash image fu-
sion. Figure 9(a) shows a person tossing a bean bag, captured using
a standard flash in order to freeze the motion of the object. Fig-
ure 9(b) shows a no-flash image taken of the same scene shortly
aftwards. Objects have changed position in the no-flash image, and
there is a large amount of motion blur. Figure 9(c) shows the re-
sults of performing flash/no-flash fusion using the components cap-
tured from a single image. In this example, we used Poisson-disk
distributed no-flash points and reconstructed the flash image using
texture synthesis to fill in missing data. Our result has the sharp-
ness of the flash image, as well as the shadowing and glow of the
no-flash image.

7 Discussion

Flash multiplexing shows promise for computational illumination
in dynamic scenes because it enables the simultaneous capture of
multiple components of illumination. Our prototype is able to mul-
tiplex flash and ambient lighting into assorted flash pixels captured
at the image sensor. The defocus of the light pattern further al-
lows us to extract simple depth information. As an application of
our multiplexed flash illumination, we demonstrate the first single-
exposure flash/no-flash method suitable for dynamic scenes.

[lumination multiplexing raises challenging issues. A limitation of
our method is the assumption that no-flash pixels capture only am-
bient lighting. In practice, these pixels are illuminated not only by
the ambient lighting, but also by the indirect light from the flash.
Additionally, there will be some light spill due to defocus of nearby
flash pixels and the finite contrast of the transparency mask used
to create our sampling pattern. We want to explore ways to fur-
ther separate the recovered no-flash image into true ambient and
flash indirect lighting. Recent work on multi-light white balance
[HMP*08] may help accomplish this separation. Currently, we use
texture synthesis to improve the resolution of the flash image. How-
ever texture synthesis is computationally expensive when running
on large images, so we would like to explore other local methods to
improve resolution. Finally, we would like to extend our method to
work with video.
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Figure 9: The motion in a dynamic scene is frozen with standard flash phography(a) but the soft ambient light is lost. Two image flash cannot
be used because the no-flash image(b) has changed and is blurry. From our multiplexed illumination image(c) we can create a new image
that freezes the motion and retains the character of the ambient lighting.
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